An additional member of the MCM2-7 family, HMCM8, tracts. We show that MCM8 binds chromatin after licensing only when DNA synthesis is initiated. Unlike has been described in human cells (Gozuacik et al., 2001) . HMCM8 is stable throughout the cell cycle (Go-MCM2-7, MCM8 colocalizes with RPA34 and DNA replication foci on replicating chromatin. MCM8 is required zuacik et al., 2003), binds to chromatin later than HMCM3, and does not associate with HMCM2-7 profor efficient progression of replication forks, suggesting a role in DNA unwinding. Both ATPase and helicase teins in vitro. However, an independent study has reported that a fraction of HMCM8 might associate with activities are associated with recombinant MCM8 in vitro. Mutation in the ATP binding site of MCM8 abolishes MCM4, 6, 7 proteins in HeLa cells (Johnson et al., 2003) . These observations have suggested a role of both activities and cannot complement loss of MCM8. These results strongly suggest that MCM8 is a special-MCM8 in S phase, but its function remains unknown.
We have identified a Xenopus homolog of MCM8 and ized MCM2-7-like protein not required for licensing but that specifically functions as a DNA helicase in vivo, characterized its function using in vitro cell-free ex- Figure 1B, lanes 1 and 3) and a 90 kDa polypeptide, often seen as a doublet, in Xeno-MCM8 Chromatin Binding Depends upon MCM2-7 pus egg extracts ( Figure 1C, lane 2) . The MCM8 antiand Is Sensitive to the S-CDK Inhibitor p21 body did not recognize any proteins in MCM3 immunoDetergent-extracted nuclei formed in egg extracts and isoprecipitates ( Figure 1D, lane 1) , which contain the lated during S phase were observed by indirect immunowhole MCM2-7 protein complex ( Figure 1D, 4B and 4C, +MCM8) . We also con- Figure 5A , cirextracts, we still observed a slow replication phenotype, which was efficiently rescued by recombinant MCM8 (Supcles), DNA replication initiated at the same time as in mock-depleted extracts ( Figure 5A, squares) , but the rate plemental Figure S2A and Figure 6E Figure 6E ). This result suggests that ATP hydrolysis DNA polymerase-α.
To further investigate the phenotype of MCM8-depleted catalyzed by MCM8 is required to efficiently replicate chromosomal DNA. extracts, DNA replication products were analyzed by alkaline gel electrophoresis ( Figure 5C 3). This result also demonstrates that MCM8 is not required depletion also differs from that obtained by blocking replifor MCM2-7 chromatin loading. However, the amount of cation at initiation with geminin, in which no nascent DNA chromatin bound DNA polymerase-α and, to a lesser exis detected ( Figure 5C, lanes 10-12) and DNA poly-5F). Nuclei assembled in mock-depleted extracts accumumerase-α to accumulate on chromatin was not due to colated a homogenous staining, whereas nuclei assembled depletion ( Figure 6F, lanes 3 and 4) . In addition, neither in MCM8-depleted extracts showed a punctuate pattern RPA34 (Supplemental Figure S2D) nor DNA polymerase-α of biotin incorporation (replication) reminiscent of that ob-(data not shown) were detected in MCM8 immunoprecipitained by slowing down DNA synthesis with aphidicolin tates, further suggesting that these proteins do not form a (Dimitrova and Gilbert, 2000) . From these results altogecomplex in egg extracts. Finally, following a replication ther, we suggest that MCM8 is not required for initiation block at initiation, RPA34 accumulated onto chromatin in but functions during processive DNA synthesis, regulating MCM8-depleted extracts as in mock-depleted extracts the rate of replication fork movement.
(Supplemental Figure S2E) . This result suggests that MCM8 is dispensable for unwinding at initiation, a reaction that is mainly catalyzed by MCM2-7 proteins ( (lanes 1-3), MCM8-depleted (lanes 4−6) , or mock-depleted extracts in the presence of either 10 g/ml of aphidicolin (Aphi, lanes 7-9) , or 100 nM gions already replicating ( Figure 7A , biotin-dUTP-positive, Third, MCM8 does not form complexes with MCM2-7 proteins in egg extracts and does not colocalize with MCM3 arrow) and on regions not yet engaged in DNA synthesis on chromatin (data not shown). Fourth, MCM3 accumu-(biotine-dUTP-negative, dashed arrow). In contrast, MCM8 lates normally on chromatin in the absence of MCM8, indiwas exclusively associated with replicating chromatin, cating that MCM8 is not required for licensing. Furtherwhich stained positive for RPA. In mid to late S phase, all more, in the absence of MCM8, the rate of DNA synthesis RPA foci colocalized with biotin-dUTP foci that also conis slowed down, and nascent DNA accumulates, while no tained MCM8 (Figure 7A, insets) . The distribution of MCM8 replication is observed by removal of MCM2-7 proteins. on chromatin was rather different from that of MCM3, Finally, MCM8 accumulates on chromatin upon initiation whose diffuse staining did not colocalize with replication of DNA synthesis while MCM2-7 proteins are removed by foci (Madine et al., 1995b), similar to MCM4 (Coué et al. replication fork progression. Overall, these results indicate [1996] and data not shown).
that, unlike the MCM2-7 proteins, MCM8 is not implicated To further confirm that MCM8 associates with RPA once in initiation of DNA synthesis. DNA synthesis is initiated, nuclei were formed in egg exThe phenotype of MCM8-depleted egg extracts and the tracts in the presence of aphidicolin at low concentration. dynamics of MCM8 chromatin binding suggest a specific This treatment allows DNA replication initiation but slows role for MCM8 during processive DNA synthesis. In the down the elongation process and stabilizes RPA foci. In absence of MCM8, the rate of DNA synthesis is decreased. these conditions, MCM8 is chromatin bound, and an DNA helicase and DNA-dependent ATPase activity are asextensive colocalization (over 90%) of MCM8 and RPA foci sociated with recombinant MCM8 in vitro, and both activiwas observed ( Figure 7B ). We conclude that MCM8 asties are abolished by mutating the ATP binding site of sembles at replication foci only when DNA synthesis is ini-MCM8. This mutant does not rescue DNA replication in tiated, at structures containing RPA.
MCM8-depleted egg extracts. The finding that recombinant MCM8 displays ATPase and DNA helicase activity in Discussion vitro by itself is rather unique, as no helicase or ATPase activity has been so far reported for a single eukaryotic We have described the identification and biochemical MCM2-7 protein but only for a subset of these proteins characterization of an MCM2-7-related protein, MCM8, (Lee and Hurwitz, 2000; You et al., 1999). Moreover, in the which is widely conserved in vertebrates (Gozuacik et al., absence of MCM8, the recruitment of RPA34 and DNA 2003). Our data show that MCM8 could function as a DNA polymerase-α is reduced, suggesting that MCM8 regulates helicase at replication forks during the elongation step of the association of these proteins with replicating chroma-DNA synthesis and suggest that MCM8 may have a similar tin. From all of these observations, we propose that MCM8 role in other vertebrates. The function of MCM8 appears functions during DNA synthesis in unwinding as a DNA to be distinct from that of MCM2-7 in several aspects.
helicase. The low levels of RPA34 and DNA polymerase-α First, MCM8 associates with chromatin only after licensing observed in the absence of MCM8 could be explained as has occurred (that is, after loading of MCM2-7), at the onreduction of DNA unwinding during elongation. Singleset of DNA synthesis. Its association with chromatin coinstranded DNA (ssDNA), generated by unwinding, is recogcides with the release of the licensing factor Cdt1, sugnized and bound by RPA, which is essential for loading gesting that Cdt1 is not directly required for MCM8 DNA polymerase-α at replication forks (Mimura and Takichromatin loading. This conclusion is also supported by sawa, 1998; Walter and Newport, 2000). the observation that removal of Cdt1 from chromatin by a Unwinding can be uncoupled from DNA polymerase acsalt wash after licensing but before initiation does not aftivity so that inhibition of DNA polymerases does not result fect the rate of DNA synthesis 
